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Abstract
The joints are associated to the local non-linear behaviour, while the material properties are associated to the global behaviour.
This paper presents an approach to model - the dry contact interfaces using localized non-homogenous discrete elements and the
material behaviour of composite structures using equivalent classical laminate technique. A prototype structure of an Electronic
Control Unit (ECU) is used to validate the proposed model's capability in predicting the dynamic behaviour, wherein the global
damping is assimilation of contact and material damping.
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1. Introduction
The ECU's are complex-large systems comprising of Printed Circuit Board (PCB) plates (multi-layered structure)
and various joints (local non-linearity through bolts), which cannot be solved easily for vibration problems using
conventional transient or family of harmonic balance methods. The new approach presented in this paper defines the
non-linear contact forces with equivalent contact stiffness and damping based on the constitutive laws of
Greenwood-Williamson [1,2] and Mindlin models [3,4]. Local discrete elements based on Kelvin-Voigt
representation are used for discretising the contact interface, referred as Damped - Pressure Dependent Joint (D-PDJ)
element. The material modelling of PCB plate is done based on principles of equivalent laminate design, similar to
* Corresponding author. Tel.: +49-711-800-34324; fax: +49-711-800.
E-mail address: anuj.sharma2@de.bosch.com
 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommon .org/l censes/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICOVP 2015
44   Anuj Sharma et al. /  Procedia Engineering  144 ( 2016 )  43 – 51 
work of Sottos (1999) [5], with also defining an equivalent proportional material damping required for dynamical
calculations. The complete dynamical behaviour is then constituted as the cumulative effects from the material and
joint interface properties. The validation for model is done first in sub assembly levels and then for the complete
assembled structure with influences from both contact and material properties.
Nomenclature
r standard deviation of exponential distribution
n number of peaks in the distribution of peaks
E* composite elastic modulus of bodies in contact
G* composite shear modulus of bodies in contact
RA radius of the sphere representing the surfaces roughness peaks
FN normal force
FT tangential force
rc contact radius
N normal relative displacement
T tangential relative displacement
PN contact pressure
PN1 saturation pressure in pressure-penetration law
KN normal contact stiffness density
KT0 initial tangential contact stiffness density
0 coupling factor
d(x,y) localized contact damping
Pm contact pressure at which maximum damping is obtained
Pmloc locating parameter used in definition of contact damping
scaling factor used in definition of contact damping
2. Contact Modelling
Greenwood and Williamson (1966) [1] presented the constitutive equations for the contact modelling, with
approximation of surfaces roughness with use of Gaussian normal distribution. Later Greenwood and Williamson
(1977) [2] proposed a modified exponential distribution [2,6] to have a closed form analytical solution and better
correlation to the Gaussian formulation for the predominance at the peaks. The total normal force with use of
modified exponential distribution is calculated as the summation of local normal contact forces and is obtained as,
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For all practical purposes, the values of dimensionless constant c = 17 and c = 3 are feasible [6]. For tangential
contact definition, there exist two states - stick and sliding region. Mindlin (1949) [3] defined the tangential force
(FT) in the stick state of contact as the integration of the uniform stress distribution (r) over the interface area as,
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Apart from existence of the complete stick or the complete sliding state, there exist partial slip state too, such that
certain region of bodies in contact are in stick condition and the rest of the region experience the sliding state.
Mindlin (1949) [3] presented the expressions for the non-linear tangential force describing partial slip state in terms
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of the relative displacement, which leads to generation of hysteresis under periodic excitations lead. The area under
hysteresis is associated with the contact dissipation [4].
2.1. Equivalent contact stiffness
An equivalent contact stiffness and damping definition is proposed based on the constitutive laws to
accommodate the effects of contact interfaces on the dynamical properties. Based on the modified exponential
distribution of surfaces roughness, a pressure-penetration law [7,8] is used for the defining the variation in the
contact pressure with respect to the increase in the relative normal displacement and is expressed as,
 .)(exp N0NN0N δδλ  PP (3)
The two constants- PN0and N0 are the initial pressure and penetration under no loading respectively. Due to the
exponential behaviour, the numerical convergence at higher loads becomes difficult. To overcome this aspect, the
pressure-penetration law is modified into non-linear and linear region based on certain transition pressure PN1, as
shown in figure 1 [9]. The stiffness density KN is calculated as the derivative of the pressure with respective to the
normal relative displacement, see Eq. 4.
Fig. 1. Exponential pressure-penetration relation is used as the governing law for normal contact behaviour.The division of the non-linear and
linear region is done at the saturation pressurePN1.
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The stiffness density is directly related to the normal contact stiffness density and is dependent on the curvature
parameter and transition pressure PN1. The tangential contact stiffness can be defined based on the Mindlin model
by defining it based on the normal contact stiffness with use of the coupling constant as shown in below equation,
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Equation (5) provides an easy way for definition of tangential stiffness based on normal stiffness. For increase in
amplitude of steady state tangential loading, equivalent reduction in tangential stiffness can be achieved by varying
the coupling factor.
2.2. Equivalent contact damping
One of the main observations of experimental investigations from authors like Goodman (1956), Beard (1975),
Gaul (1982) etc.is that the maximum dissipation exists at an optimum pressure i.e. between the having high and low
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contact pressure. Motivated from this, a generalization for a bolted joint can be done in terms of defining three
zones, based on the relative displacement and Coulomb friction-limit. The region near bolt experiences negligible
relative displacement with higher values of Coulomb friction and is referred as a region of stick. Region
significantly away from the bolt will be experiencing substantial relative displacement with lower Coulomb friction
and referred as gross slip or slide region. The region in between of the stick and slip state is referred as the micro-
slip region, which experiences micro levels of relative displacement with moderate values of Coulomb friction. The
micro slip region is assumed to carry more dissipation when compared to other two regions or at the boundary of
two regions [10]. The trend of dissipation can be modelled with combination of discrete damper elements, with local
contribution based on a stochastic fit function having primary variable as contact pressure. A pictorial representation
is shown in figure 2.This accommodates the effect of local dissipation occurring at the interface and the cumulative
effect of same can be matched with the global estimation of damping from experiments.
Figure 2. Variation of contact pressure and damping over the contact interface of a generalized bolted joint with the contact interface divided into
regions with respect to the pressure and damping contribution.
Rayleigh damping distribution [9] as a function of pressure distribution is given as,
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In above distribution, Pm refers to the corresponding pressure, where the maximum dissipation is assumed to be
occurring. r is the scaling factor to control the limits of damping value. Pm is evaluated as the normalization of the
mean contact pressure with Pmloc, wherein Pmloc is the parameter to locate the maximum dissipation position. As the
contact dissipation is independent of excitation frequency, structural damping is used instead of visco-elastic
damping elements to model contact damping [11]. The stiffness and damping definition based on the pressure
distribution is reason to refer the proposed model as Damped-Pressure Dependent Joint (D-PDJ) model.
3. Laminate modelling
To have a complete modelling of assembled structure, required is not only the efficient modelling of contacts but
also the proper modelling of the materials - here the PCB plate. This section presents the approach of modelling the
laminate structure of a PCB plate used in the ECU's. The PCB plate is laminate structure of copper and prepreg
layers. A PCB plate used in ECU's has a non-homogeneous distribution of copper content for each of the copper
layer stacked in the PCB plate. A simplified model of PCB with assumption of homogeneous distribution of copper
trace is taken for the simulation. Figure 3 shows the stack-up layout cross-section of PCB plate used in the
conventional ECU’s having 4 layers of copper and 8 layers of prepreg.
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Fig. 3. (a) Dimensions of an equivalent ECU’s PCB plate from top view; (b) Stack-up layout of an equivalent ECU's PCB plate having 8 layers of
prepreg and 4 layers of copper with thickness: tcu1=55 m, tcu2=35 m and tprg=185 m.
Fig. 4. (a) Unit cell of a PCB plate with copper and prepreg layer; (b) Transformation of plain woven unit cell of PCB plate to equivalent
laminate ply with cross-ply lamina having 0° and 90° symmetry.
The modelling of PCB plate is based on the classical laminate theory with definition of the copper layers as
isotropic and the prepreg layers as transverse isotropic [5,12].  The prepreg layer having woven configuration is
characterized as a cross-ply lamina, where the fill and warp fibre orientation are defined as 0° and 90° uni-
directional lamina respectively, see figure 4. The optimized elastic constants used for the copper and the prepreg
layer unidirectional lamina are shown in Table 1.
Table 1. Elastic constant used for modelling the PCB plate comprising of prepreg and copper layers.
Property Prepreg layer Copper layer
Young’s modulus Ex=12.5 GPa, Ey=14.5 GPa, Gxy=12.5 GPa E = 85 GPa
Poisson ratio xy=0.15, yz=0.22, yz=0.22 =0.34
Density 1650 kg/m³ 8850 kg/m³
Table 2. Modal frequencies comparison between EMA and simulation for the PCB plate structure.
Mode Experiment [Hz] Simulation[Hz] Error (%) Modal damping (%)
1 435 436 0.1 0.3
2 701 687 2.0 0.2
3 866 892 2.9 0.5
4 1170 1163 0.6 0.4
5 1200 1196 0.3 0.4
6 2100 2085 0.7 0.4
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The comparison of simulation and Experimental Modal Analysis (EMA) results for modal frequencies of PCB
with optimized material-elastic properties are shown in table 2. A very good match of eigen-frequencies between the
simulation and EMA is obtained with maximum error of 2.9% and mean error of 1%. The modal damping ratios
measured from the EMA are approximately constant value with mean value of 0.35 %.
4. Model validation
A Prototype structure of ECU structure is used for the validation of the proposed model. The pictorial
representation of the prototype structure and its lab testing set-up is shown in figure 8. This section is divided into
two phases, first phase individual part assembly is studied and in second phase complete prototype structure
assembly.
4.1 Part Assembly – Baseplate and PCB plate
The first part assembly of the prototype structure is the assembled structure of baseplate and PCB plate. The
elastic properties of baseplate taken for the simulation are: Young's modulus E=210 GPa, poison's ratio = 0.31 and
mass density =7850 kg/m³. With known PCB plate material properties from previous section on laminate
modelling, the built-up assembled structure of PCB plate and baseplate can be simulated and compared with results
of EMA. The fastening of baseplate with PCB is accomplished using M4 bolts with 2 Nm bolting torque. Figure 5
shows the exploded view of the baseplate and PCB plate assembly.
Fig. 5. Exploded view - assembly of baseplate and PCB plate with the contact interface area shown with highlighted region.
Table 3. Modal frequencies comparison between EMA and simulation for the PCB plate structure.
Mode Experiment [Hz] Simulation[Hz] Error (%) Modal damping (%)
1 533 533 0.0 0.5
2 729 704 3.5 0.3
3 826 830 0.6 0.6
4 1090 1084 0.5 0.4
5 1180 1194 1.2 0.3
A very good match is obtained between the simulation and experiment results, with maximum error of 3.5 % for
second mode and approximate mean error of 1.2 %, see Table 3. The modal damping ratios obtained for the
assembly is almost similar to the values of modal damping obtained for the PCB plate itself, hence predominant
49 Anuj Sharma et al. /  Procedia Engineering  144 ( 2016 )  43 – 51 
influence is from material damping than contact damping, due to very small region of contact interface with high
pressure.
4.2 Part Assembly – Baseplate and Support Structure
The second part assembly structure of the prototype structure is the bolting of the baseplate on the top surface of
the support structure; see Fig. 6(a). The base excitation of 1 m/s² in frequency range of 100-2100 Hz is given to the
bottom of the support structure using an electrodynamic shaker. Used are M8 size bolts for fastening the baseplate
onto support structure with 8Nm bolting torque. The contact area is considerable large than previous part assembly
and hence the contact modelling plays important role, here modelled using D-PDJ model in the simulation.
Fig. 6. (a) Exploded view - assembly of baseplate and support structure with contact interface shown as highlighted region. (b)Comparison
between the experiment and simulation results for baseplate-support structure assembly at measurement point.
A very good match of transmissibility is obtained between the experiment and D-PDJ simulation for the
assembled structure of baseplate and support structure, see Fig. 6(b). The contact parameters used are: =4000,
PN1=1.5, 0=1.6, Plocm=10. The coupling factor ( 0) value of 1.6 is calculated for the contact pairing of stainless steel
(baseplate) and aluminium (support structure) materials. The material properties and contact parameters used for the
two sub-assembly units will be directly used for following section in modelling the complete assembly of the
prototype structure.
4.3 Harmonic Analysis – Prototype Structure
The part assembly study provided the required material and contact parameters for the complete assembled
prototype structure, such that the dynamical effects are modelled by assimilating the effects from material and
contact modelling. The experimental set-up and the assembled model for simulation are shown in Fig. 7. The
electrodynamic shaker is used to excite at the bottom of the support structure with a sine-sweep profile of constant
amplitude of 1 m/s² in frequency range of 100-1100 Hz. Figure 8 shows the comparison between the experiment and
simulation results for the transmissibility frequency spectrum, for a measurement point on the PCB plate, see figure
8. Very good match between the experiment and D-PDJ model is obtained. The desired signal frequency range for
sensors operations are conventionally under 1 kHz and hence it is concluded for prototype structure modelled using
D-PDJ model fulfils the required conditions to be used for the industrial applications, while retaining the advantages
of linear system in comparison to conventional non-linear techniques.
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Fig. 7. Prototype structure set-up for the verification of dynamical behaviour under sine-sweep base excitation. A point on PCB plate is used for
comparison between experiment and D-PDJ simulation results.
Fig. 8. Comparison between the experiment and D-PDJ simulation results for prototype structure.
5. Conclusion
Modelling of contact interfaces is proposed based on D-PDJ model, wherein equivalent contact stiffness and
damping are defined based on the local contact pressure. The PCB plate, a composite structure of copper and
prepreg layers, is modelled using an equivalent classical laminate modelling. Investigations on part assemblies have
shown that both D-PDJ and equivalent laminate modelling predict the dynamic behavior to good accuracy, for
system having influence from contact and material properties respectively. The prototype model of ECU is then
modelled as assimilation of influence from contact and materials and has shown very good match with experiment
results.
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